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Batrachochytrium dendrobatidis
Jeanine M. Refsnider,*,1 Thomas J. Poorten,*,1 Penny F. Langhammer,† Patricia A. Burrowes,‡
and Erica Bree Rosenblum*,2
*Department of Environmental Science, Policy, and Management, University of California, Berkeley, Berkeley, California
94720-3114, †School of Life Sciences, Arizona State University, Tempe, Arizona 85287, and ‡Department of Biology,
University of Puerto Rico, San Juan, Puerto Rico 00931-3360
ABSTRACT Emerging infectious diseasespose a significant threat to global health, but predicting disease
outcomes for particular species can be complicated when pathogen virulence varies across space, time, or
hosts. The pathogenic chytrid fungus Batrachochytrium dendrobatidis (Bd) has caused worldwide declines
in frog populations. Not only do Bd isolates from wild populations vary in virulence, but virulence shifts can
occur over short timescales when Bd is maintained in the laboratory. We leveraged changes in Bd virulence
over multiple generations of passage to better understand mechanisms of pathogen virulence. We con-
ducted whole-genome resequencing of two samples of the same Bd isolate, differing only in passage
history, to identify genomic processes associated with virulence attenuation. The isolate with shorter pas-
sage history (and greater virulence) had greater chromosome copy numbers than the isolate maintained in
culture for longer, suggesting that virulence attenuation may be associated with loss of chromosome
copies. Our results suggest that genomic processes proposed as mechanisms for rapid evolution in Bd
are correlated with virulence attenuation in laboratory culture within a single lineage of Bd. Moreover, these
genomic processes can occur over extremely short timescales. On a practical level, our results underscore
the importance of immediately cryo-archiving new Bd isolates and using fresh isolates, rather than samples
cultured in the laboratory for long periods, for laboratory infection experiments. Finally, when attempting to
predict disease outcomes for this ecologically important pathogen, it is critical to consider existing variation
in virulence among isolates and the potential for shifts in virulence over short timescales.
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Most infectious pathogens exhibit variation in virulence across space,
time, or host species. For example, pathogens may affect hosts differ-
entially (e.g., Johnson et al. 2012), cause different outcomes under
different environmental conditions (e.g., Mitchell et al. 2005), and
evolve increased or decreased virulence over time (e.g., Boots et al.
2004). Understanding variation in pathogen virulence is essential to
create accurate epidemiological models, predict disease outcomes,
and understand mechanisms of pathogenicity (Jones et al. 2008).
Batrachochytrium dendrobatidis (Bd) is an ecologically important
pathogen that provides an opportunity to understand mechanisms of
variation in virulence. Bd is a chytrid fungus that attacks amphibian
hosts and has led to population declines and extirpations around the
world (e.g., Berger et al. 1998; Bosch et al. 2001; Muths et al. 2003; Lips
et al. 2006). However, there is dramatic variation in the outcome of Bd
infection: some populations are decimated by Bd (e.g., Schloegel et al.
2006; Crawford et al. 2010; Vredenburg et al. 2010), whereas others
persist (Retallick et al. 2004; Woodhams et al. 2007; Lam et al. 2010).
This variation in infection outcome is affected by three interacting
factors: environmental conditions such as temperature (Voyles et al.
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2012; Spitzen-Van der Sluijs et al. 2014), intrinsic differences in host
susceptibility (e.g., Bishop et al. 2009; Searle et al. 2011; Voyles et al.
2011; Ghal et al. 2012; Gervasi et al. 2013), and differences in virulence
among Bd isolates (e.g., Berger et al. 2005; Retallick and Miera 2005;
Fisher et al. 2009; Farrer et al. 2011; Voyles 2011).
Here we focus on variation in virulence caused by intrinsic differ-
ences among Bd isolates. There is increasing evidence that Bd isolates
differ in virulence even in controlled common garden conditions (e.g.,
when hosts and environmental conditions are kept constant; Berger
et al. 2005; Retallick and Miera 2005; Fisher et al. 2009; Farrer et al.
2011; Voyles 2011). Moreover, recent studies have revealed substantial
genetic variation within Bd and dynamic genomic processes that could
provide a mechanism for rapid shifts in virulence (Farrer et al. 2011,
2013; Rosenblum et al. 2013; Piovia-Scott et al. 2014).
An ideal framework for studying mechanisms of pathogen viru-
lence is when shifts in virulence occur within a single pathogen lineage.
More specifically, when virulence shifts can be induced in the laboratory,
mechanisms of virulence can be examined directly without the con-
founding effects of spatial genetic structure, environmental variation,
host-specificprocesses, oruncertainancestry. Several recent studieshave
reported an attenuation of virulence in Bd over very short timescales in
cultures maintained in the laboratory (Brem et al. 2013; Langhammer
et al. 2013). Virulence attenuation also has been observed in other
pathogenic fungi maintained in laboratory conditions (Lord and
Roberts 1986; Butt et al. 2006; Safavi 2012; Janbon et al. 2014).
Here we make use of changes in Bd virulence that occurred in
a laboratory setting to interrogate the mechanisms of variation in path-
ogen virulence. Specifically, we compared two Bd samples that origi-
nated from the same source but differed in passage history. One sample,
JEL427-P9, was cryo-archived shortly after isolation (having undergone
nine laboratory passages), and a second sample, JEL427-P39, wasmain-
tained in culture for 6 yr (39 laboratory passages). The two isolates
differ in phenotypes relevant for virulence (e.g., greater zoospore pro-
duction rate in the JEL427-P9 isolate; Langhammer et al. 2013) as well
as in their effect on frogs, with the JEL427-P9 isolate causing increased
mortality (Langhammer et al. 2013). We undertook a genome rese-
quencing study to identify genomic correlates of virulence attenuation
and shed light on the genomic processes that may be important for the
evolution of virulence in this host-pathogen system.
MATERIALS AND METHODS
Culturing and DNA extraction
Weextracted genomicDNA from twoBd isolates of strain JEL427 isolates
that had undergone nine and 39 laboratory passages (JEL427-P9, the an-
cestral isolate, and JEL427-P39, the derived isolate, respectively). Before
Figure 1 Rooted Batrachochytrium dendrobatidis phylogeny based on genomic data. Maximum parsimony tree is shown with nodal support
values generated from 200 bootstrap replicates. The two JEL427 isolates (highlighted with boxes) cluster together and are solidly nested within
the Global Panzootic Lineage (GPL). The isolate labeled “JEL427” was previously sequenced in Rosenblum et al. (2013).
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DNA extraction, we cultured each isolate for 5 d on two replicate 1%
tryptone and 1% agar plates. We flooded the plates for zoospores and
concentrated zoospores by using a tabletop centrifuge. We extracted
genomic DNA using a phenol-chloroform protocol (Zolan and
Pukkila 1986) modified for use in Bd (Joneson et al. 2011). Genomes
from the two isolates were sequenced using the Illumina MiSeq plat-
form (2· 250 bp paired end reads) at theUniversity of Idaho’s Genomics
Resources Core Facility.
Genome sequencing and SNP-calling
Sequencealignmentandsingle-nucleotidepolymorphism(SNP)-calling
were performed as in Rosenblum et al. (2013). To summarize briefly, we
used SeqyClean v. 1.8.10 (I. Y. Zhbannikov, S. S. Hunter, and M. L.
Settles, SeqyClean: a Software Tool for Comprehensive Preprocessing
of Sequence Data; https://github.com/ibest/seqyclean) to clean reads;
remove polymerase chain reaction duplicates, contaminants, and adap-
tors; and trim sequences by quality scores. Reads were aligned to the
reference genome of JEL423 (Broad Institute v. 17-Jan-2007) with the
use of Bowtie 2 v. 2.1.0 (Langmead et al. 2009), and we used a best
practices protocol for variant calling in GATK v. 1.4 (McKenna et al.
2010). We marked duplicate reads with Picard, and we realigned
reads containing insertions/deletions (indels) with GATK walkers
RealignerTargetCreator and IndelRealigner. We made final variant
calls, and filtered false positives, using GATK UnifiedGenotyper and
VariantFiltration walkers with the same filter parameter value as in
Rosenblum et al. (2013). We then used snpEff software (version 2.0.5,
Cingolani et al. 2012) and custom R scripts to extract summary infor-
mation from the SNP dataset (e.g., genomic position, synonymous vs.
nonsynonymous mutations) to compare JEL427-P9 and JEL427-P39.
We also used bedtools software (Quinlan and Hall 2010) to identify
indels that occurred in coding exonic regions by using the gene feature
annotation file downloaded from the Broad Institute’s online database
(https://www.broadinstitute.org).
Phylogenetic analysis
We inferred phylogenetic relationships among isolates by using the
parsimony method described previously (Rosenblum et al. 2013). To
summarize in brief, the SNPs were encoded to distinguish three char-
acter states (022): homozygous with respect to reference allele, hetero-
zygous, and homozygous for the alternate allele. We performed 200
bootstrap replicates to generate node support values under the parsi-
mony optimality criterion.
Loss of heterozygosity analysis
We used a previously developed method to predict genomic regions
affected by past “loss of heterozygosity” (LOH) events (Rosenblum et al.
2013), which result in large chromosomal regions that are homozy-
gous. We implemented a hidden Markov model method to identify ge-
nomic regions with long stretches of homozygosity in the 15 largest
supercontigs.
Chromosome copy number variation
Variation in chromosome copy number is a change in the number of
copies of a particular chromosome without a change in ploidy of the
entire chromosome set. We estimated copy number for each super-
contig, which are analogous to chromosomal segments inBd, using SNP
allele frequencies (as in Rosenblum et al. 2013). From the variant call
format file, we extracted themean allele frequency across SNPs for each
supercontig. For each supercontig, we plotted the distribution of all
SNP allele frequencies for that supercontig, and we used Gaussian
kernel density in the R package KernSmooth to smooth the distribu-
tion. Each supercontig was then assigned a copy number based on the
Figure 2 Evidence for decrease in
chromosomal copy numbers be-
tween the ancestral Batrachochytrium
dendrobatidis (Bd) isolate (JEL427-
P9) and the derived isolate (JEL427-
P39), which differ only in laboratory
passage history. Mean copy numbers
from 29 Bd isolates resequenced in
Rosenblum et al. (2013) are shown
for comparison. Supercontigs are anal-
ogous to chromosomes in Bd.
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expected distribution of all SNP allele frequencies for a supercontig that
was monosomic, disomic, trisomic, tetrasomic, or pentasomic. That is,
allele frequencies would have a unimodal distribution centered at 0.5
for disomic chromosomes; a bimodal distribution with peaks at 0.33
and 0.67 for trisomic chromosomes; a trimodal distribution with peaks
at 0.25, 0.5, and 0.75 for tetrasomic chromosomes; and a tetramodal
distribution with peaks at 0.2, 0.4, 0.6, and 0.8 for pentasomic
chromosomes.
Analysis of gene expression
Finally, we evaluated the potential functional relevance of SNPs and
indels usingGeneOntology (GO) categories and gene expression results
from previous microarray experiments (Rosenblum et al. 2012). With
the gene expression data, we asked whether sequence changes were
more likely to occur in genes that were found previously to be up-
regulated on frog skin. We hypothesized that, over the generations
grown in culture (rather than on host tissue), selection on virulence-
associated genes may be relaxed and could be evidenced by an elevated
substitution rate relative to more highly constrained genes. To test this
hypothesis for the SNP dataset, we conducted regression by implement-
ing a generalized linearmodel assuming a negative binomial distribution
of the number of nucleotide changes per gene in five differential expres-
sion categories: strong down-regulation, moderate down-regulation,
no change, moderate up-regulation, and strong up-regulation. To test
this hypothesis for the indel dataset, we used only three differential
expression categories due to the relatively low number of indels in the
dataset: down-regulation, no change, and up-regulation. We repeated
the enrichment test with all indel-containing genes given the small
number of indels. For all analyses, we included gene length as a cova-
riate and generated models and estimated parameter 95% confidence
intervals for both mutation types. For the SNPs, we partitioned the
dataset into three types of nucleotide changes: nonsynonymous, syn-
onymous, and combined. We also looked at the functional relevance
of genes in our dataset that contained nonsynonymous mutations or
indels and were up-regulated on frog skin in Rosenblum et al. (2012)
by conducting an overrepresentation test of GO terms. We used the
hypergeometric test in the GOstats R package (Falcon and Gentleman
2007) with the GO annotation assignments from Rosenblum et al.
(2013) and filtered the enrichment results to exclude enrichedGO terms
that contained only one gene in the gene list.
Data availability
Genomic sequence data are accessioned in the National Center for
Biotechnology Information Short Read Archive (accession # SRP
049423)
RESULTS
Weobtained a depth of coverage for aligned reads of 33X and 20X for
the JEL427-P9 and JEL427-P39 isolates, respectively. Using a phy-
logeny that included 29 isolates from a previous study (Rosenblum
et al. 2013), we found that the two JEL427 isolates clustered together
with high bootstrap support and nested within the most recently
derived and widely distributed clade, the Global Panzootic Lineage
(GPL; Figure 1). We note that the terminal branch-lengths of the
JEL427 isolates had a prima facie counterintuitive pattern. This
pattern is likely explained by the trend of genotype changes in
identified LOH regions. For LOH regions across the genome, the
ancestral isolate (i.e., JEL427-P9) tended to contain the greatest
density of heterozygous sites, and the derived isolate (i.e., JEL427-
P39) showed a loss of allelic diversity. This trend would lead to the
Figure 3 Batrachochytrium dendrobatidis genes that were moderately up-regulated in the presence of frog skin showed greater-than-expected
frequency of nonsynonymous mutations in the JEL427-P39 (compared with the JEL427-P9) isolate. The x-axis clusters genes based on their
differential expression profiles in a previous study (Rosenblum et al. 2012), where “up-regulation” implies increased gene expression when grown
on frog skin compared to standard tryptone growth medium. The y-axis shows number of mutations at all sites (circles), nonsynonymous sites
(triangles), and synonymous sites (squares). The asterisk indicates that genes that were moderately up-regulated in frog skin had a significantly
higher number of nonsynonymous mutational changes.
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branch-length pattern seen in Figure 1, where JEL427-P9 contains
the longer terminal branch.
The most compelling genomic patterns we observed were chromo-
somal copy number variation in the ancestral isolate. Chromosomal
copy number for the JEL427-P39 isolate varied from disomic to tetra-
somic, while the JEL427-P9 isolate varied from disomic to pentasomic.
Most notably, the JEL427-P39 isolate showed a decrease in copy num-
ber for 9 of 17 supercontigs compared with the JEL427-P9 isolate
(Figure 2). Specifically, supercontigs 6, 7, 8, 9, 10, 13, 14, 15, and 16
showed a greater chromosome copy number in the JEL427-P9 isolate
comparedwith the JEL427-P39 isolate, andwhen compared to the aver-
age of other isolates studied to date (Rosenblum et al. 2013; Figure 2).
After SNP filtering, we observed 2,231 changes between JEL427-P9
and JEL427-P39 (Supporting Information, Table S1). The snpEff results
were qualitatively similar to the pattern observed in the Rosenblum
et al. (2013) dataset of 29 global isolates. Roughly half of the SNPs
occurred in regions either up- or down-stream of genes (within 1 kb).
In coding regions, ~9% of all SNPs caused nonsynonymous and ~20%
caused synonymous changes, and ~18% of SNPs occurred in introns.
Overall, the SNPs were distributed across supercontigs in a similar
pattern for both comparisons. However, a few supercontigs (i.e.,
supercontigs 7, 14, and 17) contained an elevated number of SNPs.
Our indel analysis uncovered 470 indels between JEL427-P9 and
JEL427-P39, 149 of which occurred in coding exonic regions.
To determine whether LOH patterns affected the rate of nucleo-
tide changes, we calculated the synonymous change rate in LOH and
non-LOH regions. LOH patterns did not appear to have a major effect
on genotype change, as the synonymous change rates were 0.00102
and 0.00105 in LOH and non-LOH regions, respectively.
The analysis including previous gene expression results (from
Rosenblum et al. 2012) suggested that the differential expression (on
frog skin) coefficient of a gene was significantly correlated with the
number of nucleotide changes observed in this study. Genes that were
moderately up-regulated when grown on frog skin had a greater num-
ber of nonsynonymous changes compared with genes without differ-
ential expression in different growth conditions (Figure 3, P = 0.00648
in negative binomial regression analysis). In all, 84 genes met the two
criteria of being up-regulated and containing $1 nonsynonymous
change. The hypergeometric test for overrepresentation of GO terms
did not reveal any notable patterns (Table S2), which was likely due to
the relatively low number of annotated genes in the gene list. However,
the gene set contained one M36 metallopeptidase gene, a gene family
that previously has been hypothesized to play a role in Bd virulence
(Joneson et al. 2011).
In the gene expression analysis with indels, there was a weak sig-
nificant effect of increased gene expression level on indel occurrence
(Figure 4, P = 0.048). We found a significant enrichment of GO terms
“proteolysis” and “protein metabolic process” in the gene list of genes
with increased expression and indels; however, we note that there were
only two genes in the proteolysis gene set and three genes in the protein
metabolic process gene set (P = 0.029 for both GO terms). For the
analysis including all indel-containing genes (regardless of expression),
we found the list of genes containing exonic indels was overenriched for
the GO terms related to proteolysis and metabolism (Table 1).
DISCUSSION
Determining how quickly pathogens can exhibit shifts in virulence,
and the mechanisms underlying virulence shifts, is critical for un-
derstanding and mitigating emerging infectious disease threats. Our
study focused on identifying the genomic correlates of rapid viru-
lence shifts within a single lineage of the pathogenic fungus, Bd.
Studying the evolution of genomicmechanismswithin individual
Bd isolates is key to understanding variation in pathogen virulence.
Our genomic data placed the two JEL427 isolates together and sol-
idly within the GPL (Figure 1), the Bd clade that is most recent
evolutionarily and the most widespread geographically. Previous
studies have demonstrated substantial genetic variation and the
potential for rapid genomic evolution within the GPL (Rosenblum
et al. 2013; Farrer et al. 2013). The genetic variation identified within
the GPL may reflect functional variation, and indeed the Bd iso-
lates used in our study show differences in virulence-related phe-
notypes that accumulated rapidly, over only 30 generations (~6 yr,
Langhammer et al. 2013). The isolate with a longer passage history
(JEL427-P39) was less virulent compared with the ancestral iso-
late that was cryo-archived immediately on isolation (JEL427-P9;
Langhammer et al. 2013). Specifically, JEL427-P9 produced zoo-
spores at a greater rate and caused increased mortality of frogs com-
pared with JEL427-P39 (Langhammer et al. 2013). Studying a rapid
virulence shift within a single lineage controls for many confounding
factors common in studies of pathogens in natural systems (e.g., envi-
ronmental conditions, host susceptibility, and pathogen ancestry) and
provides an opportunity to assess the genomic changes associated
with attenuation of virulence. We therefore used our whole-genome
resequencing data to assess whether specific genomic mechanisms
were associated with observed virulence attenuation.
Lability in chromosomal copy number and heterozygosity have
been identified as genomic process that could lead to rapid evolution
in Bd (Rosenblum et al. 2013; Farrer et al. 2013). We therefore tested
for differences in chromosome copy number and LOH between Bd
isolates differing in laboratory passage history. We did not find
evidence that LOH was associated with attenuation of virulence,
but we did find striking changes in chromosomal copy number over
the short timescale studied here (Figure 2). Specifically, we found
that the derived isolate JEL427-P39, which was maintained in cul-
ture for ~6 yr, had, in general, fewer copies of chromosomes than the
Figure 4 Batrachochytrium dendrobatidis genes that were up-regulated
in the presence of frog skin showed greater-than-expected frequency of
indels in the JEL427-P39 (compared with the JEL427-P9) isolate. The
x-axis clusters genes based on their differential expression profiles in
a previous study (Rosenblum et al. 2012), where “up-regulation” implies
increased gene expression when grown on frog skin compared to stan-
dard tryptone growth medium. The y-axis shows number of indels. The
asterisk indicates the genes that were up-regulated in frog skin had
a significantly greater number of indels.
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ancestral isolate JEL427-P9. Decreased chromosomal copy number
in the less-virulent isolate with a longer passage history was a highly
consistent pattern, observed in more than half of the analyzed chro-
mosomal segments (i.e., 9 of the 17 largest super-contigs). The comple-
mentary pattern of greater chromosome copy number in highly virulent
Bd isolates in nature also has been observed (Piovia-Scott et al. 2014),
suggesting that copy number variation is potentially an importantmech-
anism for rapid changes in virulence more generally in this pathogen.
Although an increase in chromosome copy number can lead to in-
creased virulence, possibly because it results in more copies of genes
related to pathogenicity, such a process may entail costs to the pathogen.
Therefore, in laboratory culture media (i.e., without natural selection
imposed by a host), loss of chromosomal copies may occur in a predict-
able manner. Attenuation of virulence has been associated with chro-
mosomal changes in other fungal pathogens, for example, losses of
minichromosomes containing genes related to pathogenicity in fungal
pathogens of insects and plants (Wang et al. 2002, 2003; Akamatsu et al.
1999), and karyotype changes and loss of chromosome segments in
Cryptococcus, a fungal pathogen of humans (Franzot et al. 1998; Janbon
et al. 2014). Thus, our observation that virulence attenuation was asso-
ciated with loss of chromosome copies may reflect a fairly general
pattern.
Results regarding copy number changes from another recent study
of Bd genomics bear specific mention here. Farrer et al. (2013) also
compared replicate lines of a Bd isolate, which were passaged in the
laboratory for 40 generations with and without exposure to amphib-
ian antimicrobial peptides. In contrast to our results, Farrer et al.
(2013) found fewer changes in chromosome copy number in their
isolates after 40 generations (i.e., their control isolate lost a copy of
supercontig 4 and gained a copy of supercontig 5 and their isolate
passaged with antimicrobial peptides gained a copy of supercontig 5).
However, we note two differences between the studies that may ex-
plain why we observed more changes in chromosomal copy number.
First the isolates were derived from two divergent lineages of Bd
(BdGPL in our study and BdCH in Farrer et al. 2013), which may
exhibit different dynamics of genome evolution. Second, the more
ancestral isolate in our study (JEL427-P9) contains greater chromo-
some copy numbers than the ancestral isolate (ACON) in Farrer et al.
(2013): mean copy number 3.5 vs. 2.8, respectively, for supercontigs
1215. The greater starting chromosome copy number in our study
may have made the isolate more prone to losing chromosome copies.
These hypotheses can be tested with formal meta-analyses as addi-
tional laboratory passage experiments are conducted with Bd. Specif-
ically laboratory passage experiments with different isolates under
different selection regimes are needed, particularly those that charac-
terize virulence phenotypes and genomic changes over time.
We also tested for the enrichment ofmutations (SNPs and indels)
in genes with putative virulence effects. We found that the list of
indel-bearing genes contained an overenrichment for GO term
annotations related to proteolysis and metabolism (Table 1). The
occurrence of indels in protease genes was particularly notable,
given the hypothesized role of proteases in Bd virulence (Joneson
et al. 2011; Rosenblum et al. 2013). Given that indels are likely to
have deleterious effects on protein production and function, the
occurrence of indels may be indicative of loss-of-function effects
for such genes. This supposition requires further testing but is con-
sistent with the hypothesis that the laboratory-culturing environ-
ment relaxes selection on virulence-related genes relative to the host
environment. With regard to SNPs in our dataset, we found that Bd
genes previously demonstrated to be up-regulated when grown in
frog skin (Rosenblum et al. 2012) had a greater frequency of muta-
tional changes in the two JEL427 isolates than genes not up-
regulated in frog skin (Figure 3). In particular, one of the genes that
was both up-regulated in the presence of frog skin and contained at
least one nonsynonymous change between the JEL427-P9 and JEL427-
P39 samples was a M36 metallopeptidase, a gene family that has been
hypothesized previously to play a role in Bd virulence (Joneson et al.
2011; Rosenblum et al. 2013).
Here we show that the genomic processes previously proposed as
mechanisms for rapid evolution in Bd are correlated with attenua-
tion of virulence in laboratory culture within a single lineage of Bd.
The fact that virulence attenuates in vitro suggests that maintaining
virulence genes and extra copies of chromosomes may be costly to
Bd at the cellular level. Moreover, the speed with which shifts in
virulence can apparently occur in Bd suggests that this pathogen has
a considerable capacity to respond to novel conditions. Over 6 yr of
laboratory passage, we observed 0.096 changes per kilobase, which
translates into a mutation rate of 1.6 · 1025 changes per site per year
(Table S1). A mutation rate of this magnitude is high compared with
other fungi (e.g., Saccharomyces cerevisiae; Zeyl and Devisser 2001)
but similar to other fungal pathogens such as Cryptococcus neofor-
mans (Xu 2002) andMycosphaerella graminicola (Stukenbrock et al.
2006). Future work should endeavor to identify proximate triggers
of rapid genomic changes in laboratory settings and investigate
dynamics of genomic evolution of Bd in nature. From a practical
standpoint, our study suggests that controlled infection experiments
designed to predict disease outcomes should use recently isolated
samples, rather than samples cultured in the laboratory for long
periods. In addition, researchers should cryo-archive Bd samples
immediately after isolation. Bd has a demonstrated ability to re-
spond quickly to novel hosts and environmental conditions through
relatively rapid increases or decreases in virulence, which has likely
contributed to its spread around the world. The results of our study
emphasize the importance of considering virulence on an isolate-
specific basis when creating epidemiological models and predicting
disease outcomes for this ecologically important pathogen.
ACKNOWLEDGMENTS
This research was funded by the National Science Foundation
(award IOS-1354241 to E.B.R. and Postdoctoral Research Fellowship
n Table 1 Overenriched Gene Ontology (GO) terms in genes containing exonic indels
GO Category GO Term P value Count GO Term Size GO Term Name
Biological process GO:0006508 0.0010 9 282 Proteolysis
GO:0043170 0.0296 18 1290 Macromolecule metabolic process
GO:0008152 0.0431 25 2147 Metabolic process
Molecular function GO:0008236 0.0035 4 64 Serine-type peptidase activity
GO:0016787 0.0104 17 991 Hydrolase activity
GO:0004190 0.0267 4 115 Aspartic-type endopeptidase activity
GO:0070011 0.0435 5 214 Peptidase activity, acting on L-amino acid peptides
2296 | J. M. Refsnider et al.
#1202725 to J.M.R.) and Proyecto Coqui (to P.A.B.). P.A.B. would like
to thank B. Bolaños at UPR-Medical Campus for space to maintain Bd
cultures.
J.M.R., T.J.P., P.F.L., P.A.B., and E.B.R. designed the research; J.M.R
and T.J.P. performed the research and analyzed the data; and J.M.R, T.
J.P., and E.B.R. wrote the manuscript.
LITERATURE CITED
Akamatsu, H., M. Taga, M. Kodama, R. Johnson, H. Otani et al.,
1999 Molecular karyotypes for Alternaria plant pathogens known to
produce host-specific toxins. Curr. Genet. 35: 647–656.
Berger, L., R. Speare, P. Daszak, D. E. Green, A. A. Cunningham et al.,
1998 Chytridiomycosis causes amphibian mortality associated with
population declines in the rain forests of Australia and Central America.
Proc. Natl. Acad. Sci. USA 95: 9031–9036.
Berger, L., G. Marantelli, L. L. Skerratt, and R. Speare, 2005 Virulence of the
amphibian chytrid fungus Batrachochytrium dendrobatidis varies with
the strain. Dis. Aquat. Organ. 68: 47–50.
Bishop, P. J., R. Speare, R. Poulter, M. Butler, B. J. Speare et al.,
2009 Elimination of the amphibian chytrid fungus Batrachochytrium den-
drobatidis by Archey’s frog Leiopelma archeyi. Dis. Aquat. Organ. 84: 9–15.
Boots, M., P. J. Hudson, and A. Sasaki, 2004 Large shifts in pathogen
virulence relate to host population structure. Science 303: 842–844.
Bosch, J., I. Martínez-Solano, and M. García-París, 2001 Evidence of
a chytrid fungus infection involved in the decline of the common midwife
toad (Alytes obstetricans) in protected areas of central Spain. Biol. Con-
serv. 97: 331–337.
Brem, F. M., M. J. Parris, and G. E. Padgett-Flohr, 2013 Re-isolating Ba-
trachochytrium dendrobatidis from an amphibian host increases patho-
genicity in a subsequent exposure. PLoS One 8: e61260.
Butt, T. M., C. Wang, F. A. Shah, and R. Hall, 2006 Degeneration of en-
tomogenous fungi, pp. 213–226 in An Ecological and Societal Approach
to Biological Control, edited by Eilenberg, J., and H. M. T. Hokkanen.
Springer Verlag, New York.
Cingolani, P., A. Platts, L. Wang, M. Coon, T. Nguyen et al., 2012 A pro-
gram for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly (Austin) 6: 80–92.
Crawford, A. J., K. R. Lips, and E. Bermingham, 2010 Epidemic disease
decimates amphibian abundance, species diversity, and evolutionary
history in the highlands of central Panama. Proc. Natl. Acad. Sci. USA
107: 13777–13782.
Falcon, S., and R. Gentleman, 2007 Using GOstats to test gene lists for GO
term association. Bioinformatics 23: 257–258.
Farrer, R. A., L. A. Weinert, J. Bielby, T. W. J. Garner, F. Balloux et al.,
2011 Multiple emergences of genetically diverse amphibian-infecting
chytrids include a globalized hypervirulent recombinant lineage. Proc.
Natl. Acad. Sci. USA 108: 18732–18736.
Farrer, R. A., D. A. Henk, T. W. J. Garner, F. Balloux, D. C. Woodhams et al.,
2013 Chromosomal copy number variation, selection and uneven rates
of recombination reveal cryptic genome diversity linked to pathogenicity.
PLoS Genet. 9: e1003703.
Fisher, M. C., J. Bosch, Z. Yin, D. A. Stead, J. Walker et al., 2009 Proteomic and
phenotypic profiling of the amphibian pathogen Batrachochytrium dendro-
batidis shows that genotype is linked to virulence. Mol. Ecol. 18: 415–429.
Franzot, S. P., J. Mukherjee, R. Cherniak, L.-C. Chen, J. S. Hamdan et al.,
1998 Microevolution of a standard strain of Cryptococcus neoformans
resulting in differences in virulence and other phenotypes. Infect. Immun.
66: 89–97.
Gervasi, S. S., C. Gondhalekar, D. H. Olson, and A. R. Blaustein, 2013 Host
identity matters in the amphibian-Batrachochytrium dendrobatidis sys-
tem: fine-scale patterns of variation in responses to a multi-host patho-
gen. PLoS One 8: e54490.
Ghal, M. K., J. E. Longcore, and J. E. Houlahan, 2012 Varying responses of
northeastern North American amphibians to the chytrid pathogen Ba-
trachochytrium dendrobatidis. Conserv. Biol. 26: 135–141.
Janbon, G., K. L. Ormerod, D. Paulet, E. J. Byrnes, III, V. Yadav et al.,
2014 Analysis of the genome and transcriptome of Cryptococcus neo-
formans var. grubii reveals complex RNA expression and microevolution
leading to virulence attenuation. PLoS Genet. 10: e1004261.
Johnson, P. T. J., J. R. Rohr, J. T. Hoverman, E. Kellermanns, J. Bowerman
et al., 2012 Living fast and dying of infection: host life history drives
interspecific variation in infection and disease risk. Ecol. Lett. 15: 235–242.
Jones, K. E., N. G. Patel, M. A. Levy, A. Storeygard, D. Balk et al.,
2008 Global trends in emerging infectious diseases. Nature 451: 990–994.
Joneson, S., J. E. Stajich, S.-H. Shiu, and E. B. Rosenblum, 2011 Genomic
transition to pathogenicity in chytrid fungi. PLoS Pathog. 11: e1002338.
Lam, B. A., J. B. Walke, V. T. Vredenburg, and R. N. Harris,
2010 Proportion of individuals with anti-Batrachochytrium dendroba-
tidis skin bacteria is associated with population persistence in the frog
Rana muscosa. Biol. Conserv. 143: 529–531.
Langhammer, P. F., K. R. Lips, P. A. Burrowes, T. Tunstall, C. M. Palmer et al.,
2013 A fungal pathogen of amphibians, Batrachochytrium dendrobati-
dis, attenuates in pathogenicity with in vitro passages. PLoS One 8: e77630.
Langmead, B., C. Trapnell, M. Pop, and S. L. Salzberg, 2009 Ultrafast and
memory-efficient alignment of short DNA sequences to the human ge-
nome. Genome Biol. 10: R25.
Lips, K. R., F. Brem, R. Brenes, J. D. Reeve, R. A. Alford et al.,
2006 Emerging infectious disease and the loss of biodiversity in a Neo-
tropical amphibian community. Proc. Natl. Acad. Sci. USA 103: 3165–
3170.
Lord, J. C., and D. W. Roberts, 1986 The effects of culture-medium quality
and host passage on zoosporogenesis, oosporogenetis, and infectivity of
Lagenidium giganteum (Oomycetes, Lagenidiales). J. Invertebr. Pathol.
48: 355–361.
McKenna, A., M. Hanna, E. Banks, A. Sivachenko, K. Cibulskis et al.,
2010 The Genome Analysis Toolkit: a MapReduce framework for an-
alyzing next-generation DNA sequencing data. Genome Res. 20: 1297–
1303.
Mitchell, S. E., E. S. Rogers, T. J. Little, and A. F. Read, 2005 Host-parasite and
genotype-by-environment interactions: temperature modifies potential for
selection by a sterilizing pathogen. Evolution 59: 70–80.
Muths, E., P. S. Corn, A. P. Pessier, and D. E. Green, 2003 Evidence for
disease related amphibian decline in Colorado. Biol. Conserv. 110: 357–365.
Piovia-Scott, J., K. Pope, S. J. Worth, E. B. Rosenblum, T. Poorten et al.,
2014 Phenotypic and genomic correlates of virulence in the frog-killing
fungus Batrachochytrium dendrobatidis: evidence from a California am-
phibian die-off. ISME J. 2014: 1–9.
Quinlan, A. R., and I. M. Hall, 2010 BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26: 841–842.
Retallick, R. W. R., and V. Miera, 2005 Strain differences in the amphibian
chytrid Batrachochytrium dendrobatidis and non-permanent, sub-lethal
effects of infection. Dis. Aquat. Organ. 75: 201–207.
Retallick, R. W. R., H. McCallum, and R. Speare, 2004 Endemic infection of
the amphibian chytrid fungus in a frog community post-decline. PLoS
Biol. 2: e351.
Rosenblum, E. B., T. J. Poorten, S. Joneson, and M. Settles, 2012 Substrate-
specific gene expression in Batrachochytrium dendrobatidis, the chytrid
pathogen of amphibians. PLoS One 7: e49924.
Rosenblum, E. B., T. Y. James, K. R. Zamudio, T. J. Poorten, D. Ilut et al.,
2013 Complex history of the amphibian-killing chytrid fungus revealed
with genome resequencing data. Proc. Natl. Acad. Sci. USA 110: 9385–
9390.
Safavi, S. A., 2012 Attenuation of the entomopathogenic fungus Beauveria
bassiana following serial in vitro transfers. Biologica (Santiago) 67: 1062–
1068.
Schloegel, L. M., J. M. Hero, L. Berger, R. Speare, K. McDonald et al.,
2006 The decline of the sharp-snouted day frog (Taudactylus acutir-
ostris): the first documented case of extinction by infection in a free-
ranging wildlife species. EcoHealth 3: 35–40.
Searle, C. L., S. S. Gervasi, J. Hua, J. I. Hammond, R. A. Relyea et al.,
2011 Differential host susceptibility to Batrachochytrium dendrobatidis,
an emerging amphibian pathogen. Conserv. Biol. 25: 965–974.
Volume 5 November 2015 | Genomics of Virulence Attenuation in Bd | 2297
Spitzen-Van der Sluijs, A., A. Martel, C. A. Hallmann, W. Bosman, T. W. J.
Garner et al., 2014 Environmental determinants of recent endemism of
Batrachochytrium dendrobatidis infections in amphibian assemblages in
the absence of disease outbreaks. Conserv. Biol. 28: 1302–1311.
Stukenbrock, E. H., S. Banke, M. Javan-Nikkhah, and B. A. McDonald,
2006 Origin and domestication of the fungal wheat pathogen Mycos-
phaerella graminicola via sympatric speciation. Mol. Biol. Evol. 24: 398–
411.
Voyles, J., 2011 Phenotypic profiling of Batrachochytrium dendrobatidis,
a lethal fungal pathogen of amphibians. Fungal Ecol. 4: 196–200.
Voyles, J., E. B. Rosenblum, and L. Berger, 2011 Interactions between Ba-
trachochytrium dendrobatidis and its amphibian hosts: a review of
pathogenesis and immunity. Microbes Immun. 13: 25–32.
Voyles, J., L. R. Johnson, C. J. Briggs, S. D. Cashins, R. A. Alford et al.,
2012 Temperature alters reproductive life history patterns in Batra-
chochytrium dendrobatidis, a lethal pathogen associated with the global
loss of amphibians. Ecol. Evol. 2: 2241–2249.
Vredenburg, V. T., R. A. Knapp, T. S. Tunstall, and C. J. Briggs,
2010 Dynamics of an emerging disease drive large-scale amphibian
population extinctions. Proc. Natl. Acad. Sci. USA 107: 9689–9694.
Wang, C., M. A. Typas, and T. M. Butt, 2002 Detection and characteriza-
tion of pr1 virulent gene deficiencies in the insect pathogenic fungus
Metarhizium anisopliae. FEMS Microbiol. Lett. 213: 251–255.
Wang, C., A. Skrobek, and T. M. Butt, 2003 Concurrence of losing a chro-
mosome and the ability to produce destruxins in a mutant of Meta-
rhizium anisopliae. FEMS Microbiol. Lett. 226: 373–378.
Woodhams, D. C., V. T. Vredenburg, M.-A. Simon, D. Billheimer, B.
Shakhtour et al., 2007 Symbiotic bacteria contribute to innate immune
defenses of the threatened mountain yellow-legged frog, Rana muscosa.
Biol. Conserv. 138: 390–398.
Xu, J., 2002 Estimating the spontaneous mutation rate of loss of sex in the
human pathogenic fungus Cryptococcus neoformans. Genetics 162: 1157–
1167.
Zeyl, C., and J. A. G. M. DeVisser, 2001 Estimates of the rate and distri-
bution of fitness effects of spontaneous mutation in Saccharomyces cer-
evisiae. Genetics 157: 53–61.
Zolan, M. E., and P. J. Pukkila, 1986 Inheritance of DNA methylation in
Coprinus cinereus. Mol. Cell. Biol. 6: 195–200.
Communicating editor: J. Berman
2298 | J. M. Refsnider et al.
